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Objectives: To identify changes in the expression patterns of enzymes involved in chondroitin sulfate (CS)
glycosaminoglycan (GAG) metabolism in articular cartilage proteoglycan (PG) isolated from adolescent
patients with KashineBeck disease (KBD).
Methods: Samples of articular cartilage were divided into two groups: Control samples (from ﬁve normal
children), and KBD samples (from ﬁve KBD children) aged 3e12 years old. The morphology and pa-
thology of hand joint cartilage were examined by histochemical staining. The localization and expression
patterns of enzymes involved in CS GAG metabolism (i.e., PAPS synthetase 2 (PAPSS2), PAPS transporter 1
(PAPST1), Carbohydrate (N-acetylgalactosamine 4-sulfate 6-O) sulfotransferases 15 (CHST15), Arylsulfa-
tase B (ARSB) and N-acetylgalactosamine-6-sulfate sulfatase (GALNS)) were performed using immuno-
histochemical analyses. Positive immunostaining in articular cartilage was semi-quantiﬁed.
Results: Reduced aggrecan staining was observed in KBD samples compared with the control samples.
The percentages of positive staining for the anabolic enzymes PAPSS2, PAPST1 and CHST15 in the upper
and middle zones of KBD samples were signiﬁcantly lower than that found in the Controls. In contrast,
the percentages of positive staining in KBD samples for the catabolic enzymes ARSB and GALNS were
signiﬁcantly higher than the control samples. However, the staining for all of these GAG metabolism
enzymes were hardly observed in the deep zones of KBD cartilage, suggesting that signiﬁcant cell death
and necrosis had occurred in this region.
Conclusions: Our results indicate that alterations of enzymes involved in articular cartilage CS GAG
metabolism on PGs in the articular cartilage play an important role in the onset and pathogenesis of KBD
in adolescent children.
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ternational. Published by Elsevier Lpain, deformity and dwarﬁsm1. The pathological features of KBD are
chondrocytes death, i.e., necrosis in the deep zone of cartilage and
increased catabolic metabolism of articular cartilage2. Although the
etiologies are different, some pathological changes observed in the
articular cartilage from KBD patients are similar to those seen in
osteoarthritis (OA)3e5, i.e., an increased aggrecanase-induced pro-
teoglycan (PG) loss from KBD children and adult cartilage2 that
mimics some similarities that occur in the development of these
two degenerative joint diseases in humans.
Articular cartilages are characterized by their high content of the
aggrecan, which exists in the form of aggregates in associationwith
Hyaluronan and link proteins6. The main function of aggrecan in
cartilage is to resist compressive forces whilst allowing friction-free
joint movement. Interestingly, this function is largely dependent ontd. All rights reserved.
Table Ⅱ
Characteristics of experiment subjects (c2sex ¼ 0:000, P > 0.05)
KBD Normal children from non-KBD region
Sample set Age Sex Sample set Age Sex
1 6 Female 1 4 Female
2 4 Female 2 3 Female
3 3.5 Male 3 12 Male
4 7 Female 4 6 Male
5 4 Male 5 8 Female
Mean 4.9 e Mean 5.8 e
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(GAG) side chains of PGs, especially aggrecan7. Therefore, sulfation
of PG in the extracellular matrix (ECM) of articular cartilage is an
important step in maintaining normal cartilage function and
integrity8. Thus, disruption of PG sulfation and the subsequent loss
of PG function is an early and crucial event inducing cartilage
damage and the development of degenerative joint diseases9.
Previous studies have found that there is a disruption of GAG
sulfation metabolism in KBD patients; e.g., a decreased sulfation of
chondroitin sulfate (CS) GAG in the ECM of articular cartilage from
KBD patients has been reported10. Furthermore, using the serum
from KBD children to culture chondrocytes in vitro, 35S incorpora-
tion rates were signiﬁcantly inhibited11. Moreover, the provision of
water and grain from KBD areas to experimental animals has
shown that the sulfation of chondroitin sulfate proteoglycan (CSPG)
in articular cartilage was signiﬁcantly decreased12e14, suggesting a
potential existence of factors interfering with CS GAG sulfation
metabolism in people living in the KBD environment areas.
The precise mechanism(s) causing this abnormal PG sulfation in
the articular cartilage of KBD patients is unknown; however, a
reasonable surmise is the dysfunction of the enzymes involving CS
GAG sulfation metabolism may be one of several causes. The
biosynthesis of CS on PGs is a multiple-step procedure, and the
sulfation of GAG is a post-translational modiﬁcation process
initially involving several enzymes including 30-phosphoadeno-
sine-50-phosphosulfate synthetase 2 (PAPSS2), PAPS transporter 1
(PAPST1) and later in CS GAG biosynthesis, N-acetylgalactosamine
4-sulfate 6-O sulfotransferases 15 (CHST15)15e17. Similarly, during
the modiﬁcation and/or degradation of PGs, the removal of the
sulfate residues from the CS GAG chains also needs corresponding
degradative enzymes such as Arylsulfatase B (ARSB) and N-ace-
tylgalactosamine-6-sulfate sulfatase (GALNS)18,19.
To date, there have been no studies examining the alterations of
CS GAG metabolism in the articular cartilage from KBD patients.
Therefore, we investigated the expression of PGs in human articular
cartilage from normal and KBD patient groups and the immuno-
histochemically expression patterns of both anabolic and catabolic
enzymes which are involved in CS GAG metabolism. We found that
there was a signiﬁcant alteration in the expression of both anabolic
and catabolic sulfation-related enzymes in KBD children compared
to that from normal control group.Materials and methods
Materials
The following reagents were purchased from commercial sour-
ces: primary antibodies used in this study were shown inTable Ⅰ
Primary antibodies used for immunochemical staining
Antibody (dilution) Clone
(isotype)
Species Speciﬁcity
PAPSS2 (ab56393, 1:50) M (IgG) Mouse Recognizes the recombinant fragment:
FRVAAYNKAKKAMDFYDPARHNEFDFISG
corresponding to amino acids 513-613
PAPST1 (P2711Rb-h, 1:50) P Rabbit Synthetic peptide-KLH. Recognizes the
western blotting, non cross-reactive w
CHST15 (14298-1-AP, 1:50) P Rabbit Recombinant Protein; Immunogen: ag5
ARSB (ab85727, 1:100) P Goat Recognizes the synthetic peptide (C-KL
ARSB.
GALNS (ab97913, 1:50) P Rabbit Recombinant fragment, corresponding
GALNS (NP_000503).
M, Monoclonal; P, Polyclonal.Table Ⅰ16,20,21. Horseradish peroxidase (HRP) conjugated goat anti-
mouse IgG (ZB-2305,USA); HRP conjugated goat anti-rabbit IgG
(ZB-2301,USA); HRP conjugated rabbit anti-goat IgG (ZB-
2306,USA); Normal goat serum and aminoethylcarbazole (AEC)
immunostaining kit (ZhongShan Corporation, China); Polink-2
plusR Polymer HRP Detection System For Goat Primary Antibody
(PV-9003, ZhongShan Corporation, China); Pronase (Sigma, St.
Louis MO, USA). All other chemicals were of the highest analytical
grade available from commercial sources.Human tissue collection
Articular cartilage samples were obtained from proximal
interphalangeal joints of the middle ﬁnger or little ﬁnger of ﬁve
KBD children and ﬁve normal ‘Control’ children aged between 3
and 12 years old, respectively (Table Ⅱ). The Control samples were
obtained from normal children in non-KBD areas who had been
treated surgically for polydactyly or had died from other clinical
problems not involving joint pathology. KBD samples were from
children living in diseased areas who had died from accidents or
other diseases such as bacillary dysentery, acute pneumonia, or
acute diarrhea. KBD children were all diagnosed based on the
national diagnosis criteria for KBD in China (diagnostic code
GB16395-1996)22 by X-ray ﬁlms of right hand and histological
staining (hematoxylin & eosin, H&E) on cartilage sections. Within
these rare samples, chi-square test (c2sex ¼ 0:000, Psex ¼ 1.000) and
Student's t test (Page ¼ 0.5959) analysis showed that subjects from
the two groups were not statistically signiﬁcant as shown in
Table Ⅱ (P > 0.05) in distribution of sex and age, respectively. All
the articular cartilage samples were obtained within 6 h after the
operations or the patient death. After removing the skin and
muscles from the ﬁngers, we opened the joint capsules carefully
harvested the cartilage samples and then ﬁxed them using 4% (w/
v) paraformaldehyde solution in phosphate buffered saline
(0.15 M NaCl, 0.012 M Na2HPO4, 0.03 M NaH2PO4, pH 7.4, PBS) for
at least 24 h. The samples were then decalciﬁed and embeddedSource/references
DPAGMPHPETKKDLYEPTHGGKVLSMAPGLTSVEIIP-
TRMRKLAREGENPPDGFMAPKAWKVLTDYYRSLE,
of Human PAPSS2.
Abcam, USA; Luo et al.20
human PAPST1 in immunohistochemical staining and
ith other members of the family.
WuHanUSCN, China;
Luo et al.20,
Matsuda et al.21,
Kamiyama et al.16
679. Ptglab, USA; Luo et al.20
ARGHTNGTKPLD) from the internal sequence of human Abcam, USA; Luo et al.20
to a sequence within amino acids 20-269 of Human Abcam, USA
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man and Ethical Committee for Medical Research at Xi'an Jiaotong
University, School of Medicine (Dr Yong Liu, Director), and all
samples were obtained after getting consent from the patients'
guardians.The percentage of positive cells ¼ positive stained cells
positive stained cellsþ negative stained cells 100%H&E staining
Articular cartilage samples were ﬁxed in 4% (w/v) para-
formaldehyde at 4C and decalciﬁed in 10% (w/v) ethylene-diamine
tetra-acetic acid disodium salt (EDTA-Na2) for 4 weeks with regular
agitation. The samples were embedded in parafﬁn and serial sec-
tions were cut in the coronal plane. Sections were then stainedwith
H&E, and examined microscopically.
Toluidine blue staining
After deparafﬁnization, sections were stained in 0.1% (w/v) To-
luidine blue dye solution at pH 2.5 for 30 min. Sections were
washed in running distilled water for 10 min, rinsed quickly in
xylene. Slides were dehydrated in air followed by xylene solution,
and then mounted in Permount™ mounting medium.
Immunohistochemical staining
Immunohistochemical staining was performed to investigate
the expression of three anabolic enzymes involved in the early and
later stages of CS GAG biosynthesis (i.e., PAPSS2, PAPST1, CHST15)
and two enzymes involved in GAG catabolism or modiﬁcation (i.e.,
ARSB and GALNS) in the articular cartilage from KBD and Control
adolescent ﬁnger joints (Table Ⅰ). Brieﬂy, ﬁve parafﬁn-embedded
sections (5 mm thickness) from each group were dewaxed and
dehydrated in a gradient of alcohols. Endogenous peroxidase ac-
tivity was quenched using 0.3% (w/v) hydrogen peroxide (H2O2) for
15 min at room temperature. After washing with PBS, the sections
were blocked with 10% (v/v) normal goat serum for 15 min except
for ARSB, which were treated with the Polink-2 detection system
for goat primary antibody. Sections were then incubated with pri-
mary antibodies overnight at 4C (refer to Table Ⅰ for antibody de-
tails). For the negative Controls, the primary antibody was replaced
by only PBS or PBS containing mouse IgG, rabbit IgG or goat IgG.
After washing, sections were incubated with horseradish peroxi-
dase (HRP)-conjugated goat anti-rabbit HRP (1:500) or anti-mouse
(1:500) secondary antibody for 1 h at 37C. While sections for ARSB
were successively incubated with Polymer Helper and poly-HRP
anti-Goat IgG for 15 min at 37C, respectively. HRP activity was
detected using hydrogen peroxide as substrate. After extensive
washing, sections were visualized using an AEC kit according to the
manufacturer's protocols. Sections were counterstained with he-
matoxylin. Representative regionswere photographed using a Leica
DMRB bright ﬁeld microscope (Leica, Wetzlar, Germany) equipped
with digital image acquisition.
Quantiﬁcation of immunostaining
Positive staining that occurred in cytoplasm and peri-cellular
matrix was quantiﬁed using Image J software (NIH, USA). Brieﬂy,the positive and negative stained cells in the whole depth of three
articular cartilage zones from each image were labeled and coun-
ted. Six randomly chosen ﬁelds from each subject in each zonewere
counted at 400 magniﬁcation. The percentage of positive cells
was then calculated using the following formula.The average percentage of immuno-positive staining cells found
in different zones of each subject was calculated both in KBD and
Control groups. In order to establish agreement between the two
different operators or the same operator in different time periods
performing these percentage calculation work, we calculated the
inter-operator coefﬁcient of variation (CV) that was k ¼ 0.889 as
well as the intra-operator CV (k ¼ 0.856) according to Cohen's
kappa measure23. When the k value >0.8 the data being compared
has very good agreement.Statistical analysis
Data are presented as mean ± SD, and tested for normality and
equal variance. Student's t test or One-way analysis of variance
(ANOVA) plus Bonferroni's post-test was carried out using SPSS 13.0
software (SPSS Inc, USA). Differences were considered signiﬁcant at
P values of less than 0.05.Results
Histochemical analysis
H&E staining of cartilage from normal and KBD patients is shown in
Fig. 1. The surface of articular cartilage from Control group was smooth,
and chondrocytes were prevalent in all the layers of articular cartilage
[Fig. 1(A)]. In KBD cartilage, chondral necrosis was observed and charac-
terizedasred “ghost”outlinesof thechondrocytes remains (blackarrows,
Fig. 1(B) & (C)) and the duplicated tidemark could be clearly identiﬁed
[Fig.1(C)].Noticeably, thischondralnecrosisoccurredfocally, inpatchesor
in band-like areasmainly localized in the deep zone of articular cartilage
[Fig.1(B)]. Another interesting histopathological change observed inKBD
articular cartilage was the occurrence of multiple chondral cell clusters
surrounding the necrotic areas. These were apparently formed by the
proliferation of cells nearby the zones of chondral necrosis (circled,
Fig. 1(C)). Less chondrocyte dense areas from the deep zone (Stars,
Fig.1(C))werealsoobserved. Furthermore,wedetermined thedifference
in the cell density in parallel areas i.e., upper, middle and deep zone,
respectively between Control andKBD cartilage. The results showed that
the living cell numberswere signiﬁcantlydecreased inupper (P¼ 0.001),
middle (P ¼ 0.006) and deep zone (P ¼ 0.003), respectively in KBD
cartilage compared with the Control cartilage [Fig. 1(D)], which was
induced by chondrocyte death i.e., necrosis or apoptosis in the articular
cartilage from KBD children.
The deposition of sulfated GAGs in the ECM of articular cartilage
was investigated. Figure 2 shows general Toluidine blue staining in
the articular cartilage from Control and KBD children. Intensive
staining was present throughout whole depth of articular cartilage
from the Control group [Fig. 2(A)]. However, a signiﬁcantly
decrease in Toluidine blue staining was observed in the samples
from KBD children [Fig. 2(B)].
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Positive staining for PAPSS2 enzyme was mainly found in the
cytoplasm and territorial matrix of the superﬁcial and upper mid-
dle zones of articular cartilage from the Control group [Fig. 3(A &
B)]. In the samples from KBD children, the expression of PAPSS2
was only observed in the cytoplasm of superﬁcial and uppermiddle
zones [Fig. 3(D & E)]. However, statistical analysis (Table III) indi-
cated that PAPSS2 positive staining was 2.43-fold and 1.72-fold
lower in the superﬁcial and middle zones, respectively in KBD
samples when compared with the Control group (Table III).
Immuno-positive staining for PAPST1 was exclusively localized
in the cytoplasm of superﬁcial and middle zones of articular
cartilage from Control group samples [Fig. 4(A & B)]. However, the
PAPST1 staining pattern was altered in the articular cartilage from
KBD childrenwith extensive positive staining observed in the inter-
territorial matrix in superﬁcial and upper middle zones [Fig. 4(D &
E)]. Statistical analysis indicated that the positive staining for
PAPST1 was 3.11-fold and 3.20-fold lower in the superﬁcial and
middle zones, respectively in KBD samples when compared with
the Control group (Table III). Interestingly, immuno-positive
staining was hardly observed in the deep zone of articular carti-
lage from both normal Control and KBD samples [Fig. 4(C & F)].
CHST15 positive staining was also observed in the cytoplasm
and territorial matrix of superﬁcial and middle zones of articular
cartilage from the Control group [Fig. 5(A & B)]. However, its
staining pattern was completely different in the articular cartilage
from KBD patients where the major CHST15 positive staining was
observed only in the cytoplasm of superﬁcial and middle zones
[Fig. 5(D & E)]. Statistical analysis showed that CHST15 positive
staining was 4.71-fold and 4.96-fold lower in the superﬁcial andFig. 1. H&E staining of ﬁnger joint articular cartilage from a normal child (5-year-old male f
degree KBD). A: Control cartilage shows no chondronecrosis; B: KBD cartilage shows chondr
arrow); C: The ampliﬁcation of the red box in B. The presence of necrotic cells (red ghost
chondrocytes in the deep zone of articular cartilage was also observed (Stars). Scale bars: 2
samples. The living cell numbers were signiﬁcantly decreased in upper, middle and deep zmiddle zones, respectively in KBD samples when compared with
that in the Control samples (Table III). Noticeably, CHST15 enzyme
has very tiny expression in the deep zone of KBD samples [Fig. 5(F)]
similar to the immuno-positive staining found for PAPSS2 in
Fig. 3(F).
Immunostaining of ARSB and GALNS
There was a weak ARSB positive staining in the superﬁcial layer
in articular cartilage from normal control children samples
[Fig. 6(A)]. However, intensive ARSB positive staining was observed
in the cytoplasm and territorial matrix of the superﬁcial andmiddle
zones of articular cartilage from KBD children [Fig. 6(D & E)]. ARSB
positive staining was almost completely absent in the deep zone
[Fig. 6(F)]. Very weak GALNS positive staining was also observed in
the normal articular cartilage, especially in the surface zone of the
articular cartilage [Fig. 7(AeC)]. However, strong GALNS positive
staining was observed in the cytoplasm and territorial matrix of the
superﬁcial and middle zones of articular cartilage from KBD chil-
dren [Fig. 7(D & E)], with only very low levels of GALNS immuno-
staining being observed in the deep zone of KBD cartilage
[Fig. 7(F)].
Discussion
Although the etiology of KBD is still not clear, it has beenwidely
accepted that KBD is caused by multiple risk factors (i.e., biological
& environmental factors). Interestingly, KBD is not observed in all
low selenium areas in China; however, areas with KBD occurrence
are always found to have very low selenium levels in the soil, water,
food grains etc24e26. This suggests that low selenium is one of therom a non-KBD area) and a KBD patient (4-year-old with clinical manifestations of ﬁrst
onecrosis with “red ghost” outlines of the chondrocyte remains in the deep zone (black
remains) and cell cluster formation nearby (circled). In addition, the disappearance of
0 mm; D: Quantiﬁcation of the cell density in parallel areas between Control and KBD
ones in KBD cartilage compared with the control cartilage.
Fig. 2. Toluidine blue staining of articular cartilage in ﬁnger joints from a normal child
(5-year-old male from a non-KBD area) and a KBD patient (4-year-old with clinical
manifestations of ﬁrst degree KBD). A: Normal children samples show strong Toluidine
blue staining in all of the different zones of the articular cartilage. B: KBD children
samples show a signiﬁcant decrease in Toluidine blue staining throughout the whole
depth of the articular cartilage when compared with the Control cartilage samples.
Scale bars: 20 mm.
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occurrence of KBD. Other studies have reported that low selenium
is associated with altered PG metabolism in the ECM of articular
cartilage27. In order to avoid the potential errors in our immuno-
staining data for different enzymes expression patterns found in
KBD patient populations in this study, for Controls we used tissue
samples from donors living in areas without any KBD occurrence
that also had normal selenium levels in their living environment.Fig. 3. PAPSS2 immunostaining observed in the articular cartilage from normal and KBD ch
zones in articular cartilage from ﬁnger joints of normal (A, B & C) and KBD children (D, E
replaced by only PBS or PBS containing anti-mouse IgG, respectively. Scale bars: 20 mm.These areas were referred as non-KBD areas where the prevalence
and the incidence of KBD in these areas can be regarded as zero.
Also, over several years, there have been numerous studies28e31
investigating the biological mechanisms involved in KBD pathol-
ogy; however, the exact causes of KBD onset still remain unsolved.
There have been several studies reporting the loss of cartilage
PGs, the existence of inﬂammatory factors and the activation of
enzymes involved in cartilage matrix degradation in the patho-
genesis of KBD2,32e36. However, this paper is the ﬁrst to describe
the differential expression of both anabolic and catabolic factors
speciﬁcally involved in CS or dermatan sulfate (DS) GAG meta-
bolism in KBD patients. The anabolic enzymes analyzed in this
study were PAPSS2, PAPST1 and CHST15, respectively. PAPSS2 and
PAPST1 are enzymes that are involved in and essential for
numerous energy requiring anabolic steps in protein, carbohydrate
and lipid biosynthesis15,16. None-the-less, these two enzymes are
also very important and necessary for CS/DS GAG biosynthesis that
is critical for the maintenance and turnover of the large amounts of
PGs present in cartilage extracellular matrices37e39. We also
examined the differential expression patterns for CHST15 which is
an important sulpho-transferase required for sulfate substitution in
CS/DS GAG in cartilage PG biosynthesis. In addition, we also
investigated the expression patterns for two enzymes that are
known to be involved in CS/DS GAG catabolism and modiﬁcations
in cartilage PG turnover and metabolism; i.e., ARSB and GALNS.
Our investigations have shown that there are signiﬁcant de-
creases in PAPSS2, PAPST1 and CHST15 in articular cartilage from
adolescent childrenwith KBDwhen compared to normal unaffected
children. Speciﬁcally, the diminished levels of PAPSS2, PAPST1 and
CHST15 were seen in the superﬁcial and middle zones of articular
cartilage from KBD children but interestingly their presence was
much less apparent in the deep zones of the articular cartilage
except in the areas where chondrocytes clusters were found.
In contrast, the positive staining of the catabolic enzymes ARSB
and GALNS were increased in the superﬁcial and middle zones ofildren (positive staining is red). Representative sections of superﬁcial, middle and deep
& F) are shown; i & ii show negative control staining in which primary antibody was
Table III
Percentage of positive staining for PAPSS2, PAPST1 and CHST15 in the articular
cartilage from the Control and KBD patients
Enzymes Groups Superﬁcial zone Middle zone Deep zone
PAPSS2 Control 44.612 ± 5.646 21.527 ± 6.235 3.405 ± 0.728
KBD 18.381 ± 3.219* 12.465 ± 1.472* 0.001 ± 0.000
P value 0.000 0.010
PAPST1 Control 52.214 ± 9.115 23.492 ± 6.069 0.000 ± 0.000
KBD 16.793 ± 3.423* 7.353 ± 1.416* 0.000 ± 0.000
P value 0.000 0.000
CHST15 Control 61.867 ± 13.375 33.472 ± 4.741 2.532 ± 0.159
KBD 13.138 ± 1.166* 6.754 ± 0.609* 0.001 ± 0.000
P value 0.000 0.000
Note: Values are presented as means ± SD, n ¼ 5. *P＜ 0.05, KBD samples compared
with the Control group.
M. Luo et al. / Osteoarthritis and Cartilage 22 (2014) 986e995 991KBD children articular cartilage and weakly expressed in the
articular cartilage from normal children. Interestingly, the expres-
sion patterns of these two catabolic enzymeswere also signiﬁcantly
diminished in the deep zones of articular cartilage from KBD pa-
tients. The lack of expression of both anabolic and catabolic en-
zymes in the deep zones of KBD patient articular cartilage is
associated with the decreased cell number in this speciﬁc layer of
articular cartilage, suggesting that many of the chondrocytes in this
zone were dead, this accounting for the presence of chondrocyte
cell remnants being seen in these tissue sections. Collectively, this
data suggests that chondrocyte cell death has occurred in the deep
zone region of the KBD articular cartilage, an observation that has
been previously reported40,41. The biological mechanisms under-
lying the apparent increased chondrocyte loss that occurs in the
deeper zones of KBD patient articular cartilage are still yet to be
determined. However, cell death including necrosis and apoptosis
is clearly involved42. However, the presence of chondrocyte clusters
suggests that there are attempts to repair and regenerate this tissue
and make it less susceptible to cartilage degradation.Fig. 4. PAPST1 immunostaining in the articular cartilage from normal and KBD children (po
articular cartilage from ﬁnger joints of normal (A, B & C) and KBD children (D, E & F) are sh
only PBS or PBS containing anti-rabbit IgG, respectively. Scale bars: 20 mm.In this study, most of the positive staining was mainly localized
in the cytoplasm of the chondrocytes, indicating that abnormal CS
GAGs metabolismwas occurring in the articular cartilage from KBD
children. Although there is no evidence to date, it is reasonable to
deduce that these alterations in CS GAG metabolism are possibly
associated with the chondrocyte death, as it has been shown that
the sulfation of CS GAGs on PGs can regulate the binding and
signaling of several growth factors including TGF-b43, which is
crucial for chondrocyte survival differentiation and proliferation. In
order to avoid any potential errors in our calculations of total cell
number, we only counted the living cells when calculating the
positive staining patterns of these enzymes, according to their cell
morphology; i.e., shrunken cells or those with a broken membrane
were not included in the calculations.
The analysis performed in this study were limited to immuno-
histochemical analysis using commercially available antibodies
that speciﬁcally recognize epitopes in some of the enzymes that are
involved in CS & DS GAG biosynthesis and catabolism. The KBD
patient samples that were available for analysis were from children
aged 3e12 years old, at an age when overt KBD pathology ﬁrst
becomes evident and thus important early changes in articular
cartilage metabolism causing KBD were found. Future studies will
attempt to measure differences in RNA expression patterns of the
enzymes involved in CS & DS GAG biosynthesis and metabolism.
In summary, to our knowledge, this paper is the ﬁrst to inves-
tigate the differential expression patterns of both anabolic and
catabolic enzymes that are involved in CS/DS GAG metabolism in
KBD patients. Our results indicate that, in cartilage from KBD
affected children, there is an imbalance in tissue homeostasis
where important enzymes that are required for CS/DS GAG
biosynthesis are signiﬁcantly reduced or absent in an environment
where there is also an increased level of degradative enzymes
responsible for CS/DS GAG catabolism. Thus, in KBD patients, these
two contributing factors signiﬁcantly compromise the ability of
articular cartilage to perform its normal physiological functions ofsitive staining is red). Representative sections of superﬁcial, middle and deep zones in
own; i & ii show negative control staining in which primary antibody was replaced by
Fig. 5. CHST15 immunostaining in the articular cartilage from normal and KBD children (positive staining is red). Representative sections of superﬁcial, middle and deep zones in
articular cartilage from ﬁnger joints of normal (A, B & C) and KBD children (D, E & F) are shown. Scale bars: 20 mm.
Fig. 6. Immunostaining for ARSB in the articular cartilage from normal and KBD children. Representative sections of articular cartilage from ﬁnger joints of both normal and KBD
children were analyzed. A, B & C: weak ARSB positive staining was observed in the Control cartilage. D & E: KBD children cartilage show strong ARSB immunostaining. F: ARSB
immunostaining is absent; i & ii show negative control staining in which primary antibody was replaced by only PBS or PBS containing anti-goat IgG, respectively. Scale bars: 20 mm.
M. Luo et al. / Osteoarthritis and Cartilage 22 (2014) 986e995992
Fig. 7. Immunostaining for GALNS in the articular cartilage from normal and KBD children. Representative sections of articular cartilage from ﬁnger joints of both normal child
cartilage (A, B & C) and KBD child cartilage (D, E & F), superﬁcial, middle and deep zones, respectively. There are few cells with GALNS positive staining in the superﬁcial and middle
zones of articular cartilage from normal children (A & B) whereas KBD children cartilage shows strong GALNS positive staining in these regions (D & E). F: GALNS immunostaining is
almost completely absent. Cell nuclei are counterstained by Hematoxylin (blue). Scale bars: 20 mm.
M. Luo et al. / Osteoarthritis and Cartilage 22 (2014) 986e995 993resisting mechanical loads during joint articulation. Thus, the
consequence of these metabolic changes in CS GAG metabolism
provide further new information contributing to explanations that
account for the overt articular cartilage destruction and pathology
that is observed in patients with KBD.
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